The oegopsid squid family Onychoteuthidae presently comprises six genera (Moroteuthis, Onychoteuthis, Ancistroteuthis, Kondakovia, Onykia and Chaunoteuthis) but the status of some of these is still uncertain. An interdisciplinary study was undertaken to clarify the phylogenetic relationships, which included a morphological approach (morphometric analysis), and a molecular study of a mitochondrial gene portion (l-rRNA gene, 16S).
INTRODUCTION
Studies of systematics and phylogenetics increasingly include molecular as well as morphological data. When both methods agree, this dual approach can be powerful. In cephalopods, and especially in oegopsid squids, many di¤cult systematic problems require such an approach. The oegopsid squids (order Teuthoidea) are comprised of 23 families, many of which have uncertain or unknown relationships among genera. The Onychoteuthidae is such a family. This family is presently considered to contain six genera and 13 species (table 1) , all possessing two rows of hooks on the manus of the tentacular club (no hooks on arms). Many are extremely similar in appearance; the main generic diagnostic characters are illustrated in ¢gure 1. Some of the species are thought to be cosmopolitan, whereas others have a regional distribution and the present systematics of the family are unsatisfactory. Undescribed species may exist, yet the separation of known species is often di¤cult and the relationships among species and genera are uncertain. A recent study on cephalopod phylogeny using molecular methods has provided evidence of the utility of such an approach to resolve the uncertain relationships of some decapod families (oegopsid and myopsid squids) (Bonnaud et al. 1994 (Bonnaud et al. , 1997 ). An interdisciplinary study of the Onychoteuthidae thus appeared feasible. The present study especially focuses on relationships among Southern Ocean onychoteuthids, an important resource for vertebrate predators in these waters. It forms part of ongoing studies on trophic relationships of cephalopods in this region (Rodhouse 1989; Rodhouse & Prince 1993) . The morphological study is based on conventional morphometrics and the molecular study is based on the analysis of a mitochondrial gene portion (l-rRNA gene, 16S).
MATERIAL AND METHODS

(a) Morphological study
The morphological study is based on morphometrics, which allows an objective methodology (see below) that can be uniformly applied across all species and genera. Other morphological characters that are useful in separating species and genera (e.g. club suckers' arrangement, skin ornamentation, presence and shape of photophores, shape of hooks, mantle and tentacle pigmentation) are not readily applicable to this type of analysis and have not been included.
The number of specimens studied per group (genus or species) varied: some are well represented, others are represented by a single individual (ca. 20 Moroteuthis ingens, one M. robsoni and one M. robusta). The characteristics and origin of each sample are given in table A1, Appendix A.
A total of 150 specimens was measured according to the recommendations of Roper & Voss (1983) , using 0.10 mm Vernier callipers for the smaller specimens and a graduated ruler for the larger ones. The following measurements were taken: mantle length (ML), ¢n length and width (FL and FW), lengths of all right arms (AL) and right tentacle length (TL), tentacular club length (CL) and carpus length (LL). Head width and mantle width, which can undergo important variations during ¢xation, were not considered. Other possible measurements were abandoned (dactylus length, lower beak length) because the animals were either too small, or the structure (beak) was di¤cult to examine without damaging the specimen. Incomplete specimens or those in bad condition (no right tentacle, torn ¢n, etc.) were discarded. The characters needed to be present and measurable in all specimens because the statistical package used could not analyse ¢les with missing values.
Most of the specimens had been formalin-¢xed and then preserved in 70% ethanol. Some had been ¢xed and were still preserved in`spirit'. We do not know, a priori, the impact of such treatment on the organs' total and relative lengths. A small number of specimens, including two Moroteuthis ingens and one group called`group Y' identi¢ed (by C. C. Lu) as Kondakovia longimana, were frozen before being formalin-¢xed.
The monospeci¢c genus Chaunoteuthis (Chaunoteuthis mollis, Appello« f, 1891) was not taken into account in this study. The type was not available, and the taxon might not be a valid one (Kubodera et al. 1998) . Recently, Arkhipkin & Nigmatullin (1997) identi¢ed C. mollis as the mature female of Onychoteuthis banksii.
Some meristic characters were considered in all specimens: the number of suckers on right arm II, the number of suckers and hooks on the club's manus, the number of suckers and pads on the club's carpus and the number of suckers (approximately) on the dactylus. However, they were not variable enough among the genera to allow discrimination.
All data for the ten measurements on each specimen were log-transformed (ln) and analysed by principal components analysis (PCA) using a variance^covariance matrix (giving the largest weights to the largest variances) with NTSYS computer software (Rohlf 1990 ).
(b) Molecular study
Specimens from existing collections were mostly ¢xed in formalin, which is unsuitable for molecular analyses. DNA extraction requires frozen or ethanol-preserved material, which is rare in collections of oceanic species. Frozen or ethanolpreserved tissues were available from Onykia sp. (a form similar to O. rancureli), Onychoteuthis compacta, Onychoteuthis sp. B and Onychoteuthis sp. C (paralarvae identi¢ed by Young & Harman (1987) ), Onychoteuthis sp. (undescribed new species), Moroteuthis robsoni, M. robusta, M. knipovitchi and from many specimens of M. ingens (Appendix B). The gene portion chosen for sequencing was the 3' extremity of the gene coding for the mitochondrial 16S RNA. This gene has proved to be useful for phylogenetic analyses at the infrafamilial level in decapod cephalopods (Bonnaud et al. 1994) .
Total DNA was obtained following a CTAB method extraction: a small piece of tissue was incubated at 60 8C for between 30 min and 1h in a CTAB bu¡er (Tris 100 mM pH 8, EDTA 20 mM, pH 8, NaCl 1.4 M, CTAB 2%, b-mercaptoethanol 0.2%) with 0.4 mg ml À1 of proteinase K and 1% SDS. Chloroform isoamyl alcohol extractions were repeated twice, followed by DNA precipitation in ethanol and natrium acetate (0.3 M ¢nal concentration). Ampli¢cations were performed using two primers, 16Sar and 16Sbr, according to the classi¢cation established by Simon et al. (1991) . After cloning in P-Mos blue vector (Amersham), sequencing (one strand) was performed by the dideoxy chain-termination method, with the primers located in the plasmid sequence (EMBL accession numbers in table B1, Appendix B). The sequences were aligned by eye. They were analysed, taking all di¡erences into account, by the neighbourjoining distance method, available in the MUST package (Philippe 1992) , and by the PAUP 3.1 parsimony method (Swo¡ord 1985) , using heuristic and branch-and-bound treatments. Bootstrap resampling procedure was performed in both cases to measure the support for each of the clades on the phylogenetic trees.
RESULTS AND DISCUSSION
(a) Morphological study
Figures 2, 3 and 5 illustrate the results of the statistical analysis based on morphological measurements. Only axis 1 and axis 2 were considered (table 2): they explain 79.8% of the variance observed (70.4% for axis 1). Fin dimensions, especially ¢n length (FL), are particularly important on axis 1, whereas total length (TL) is an important factor on axis 2. Figure 2 relates axis 1 to size axis, i.e. the mean value of log-transformed measures of the ten length variables (ML, AL1 to AL4, FL, FW, TL, CL and LL). It shows that there does not appear to be any substantial change in allometric relations between young and adult specimens over the size range measured. Each cluster, corresponding to one species or to a group of identical specimens, is parallel to the size axis: this means that variation due to growth cannot be recognized over general variation. The analysis of all genera (¢gure 3) isolates one group, including some Onychoteuthis and some Moroteuthis knipovitchi, with positive scores on axis 1, and the other genera or species with negative axis 1 scores. The morphometric analysis separates one species (M. knipovitchi) from the other species of the genus but is not discriminative enough to distinguish a typical conformation corresponding to the other Moroteuthis species. Likewise, the genus Onychoteuthis is clearly separated from the other genera. When analysing the relationships within genera, more detailed conclusions can be drawn.
This genus is monospeci¢c. Kondakovia longimana is an Antarctic species that di¡ers from M. ingens by the presence of a double row of suckers in addition to hooks on the manus in adults. The adult specimen studied displays few morphological di¡erences from M. ingens, as Kubodera et al. (1998) have observed. On the contrary, PCA shows that young specimens of K. longimana display marked morphometric di¡erences as regards juvenile M. ingens. Two groups of young Kondakovia can be recognized from PCA, which con¢rms the general observations made during the measurements on some specimens (general aspect, dactylus form and tentacle length). One of the Kondakovia groups is close to specimens of young M. ingens. Many young M. ingens have a double row of suckers on the club's manus, a typical K. longimana character, as reported by Tsuchiya & Okutani (1991) . On the basis of our morphometric results, however, this genus seems di¡erent from M. ingens.
Group Y. Approximately ten frozen specimens from the shelf around the Falkland Islands have morphological characters of juvenile K. longimana, including suckers on the club's manus, but their nuchal folds are di¤cult to distinguish (when present). They were identi¢ed by C. C. Lu as probable young K. longimana. The morphometric analysis shows that they do not cluster with the other K. longimana, but this may be because of the poor condition of the frozen specimens. However, a scanning electron microscope (SEM) analysis of the radula of the adult specimen and of these juveniles also shows a di¡erent structure (¢gure 4). In particular, the lateral cusps are distinctly more developed on the rhachidian teeth of the group Y specimen. specimens of Moroteuthis lo« nnbergi and the specimen of M. robsoni also appear to be separated from a group that includes M. aequatorialis, M. robusta, M. paci¢ca and M. ingens. The two specimens of M. lo« nnbergi were very distant from each other according to the morphometric analysis, although they come from the same area, were captured the same day, and appear to be at the same stage of sexual maturity. As far as M. aequatorialis and M. paci¢ca are concerned, their grouping con¢rms what Kubodera et al. (1998) suggest: these two species might be morphological variants of M. ingens. Nesis (1987) considers M. paci¢ca to be a synonym of M. robusta: our analysis shows a grouping of these two species with other specimens of M. ingens. Some Moroteuthis, assigned to M. ingens, appeared to be di¡erent from the others in their colour and general appearance (not due to conditions of ¢xation). The morphometric analysis groups them with the majority of the other M. ingens, and SEM analysis of their radula shows that it is identical to that of other M. ingens analysed in parallel. These specimens could be morphological variants despite the fact that they came from the same geographical area.
(iii) Genus Ancistroteuthis Gray, 1849 ( ¢gure 5)
This genus is monospeci¢c. The species Ancistroteuthis lichtensteini is known from the Mediterranean and from the tropical and subtropical Atlantic. The specimens studied here came from the Mediterranean. In spite of an apparently homogeneous grouping of the available specimens, three of them (including a syntype of Onychoteuthis lichtensteini) are distinct from the others. Their tentacles and arms are proportionally smaller relative to the rest of the body than those of the other A. lichtensteini. PCA locates the data on the right side of axis 2 and they group with some Onychoteuthis species. Kubodera et al. (1998) split A. lichtensteini from the Paci¢c and Atlantic into four distinct forms, but no Mediterranean specimens were taken into account by these authors. Morphometric comparisons of the Mediterranean specimens with those from other areas would be valuable.
(iv) Genus Onychoteuthis Lichtenstein, 1818 ( ¢gure 5)
This genus is said to include at least four species (table 1). They are distinguished on the basis of the photophores and the number of hooks on the manus of the tentacular club. One species, Onychoteuthis bartlingii Lesueur 1821, was already synonymized with O. banksii by Fe¨russac & d'Orbigny (1834^1848) . The two O. borealijaponicus included here cannot be clearly distinguished from the O. banksii. The photophores of the O. banksii from Japan are hardly visible. The numbers of hooks are 26 in the two O. borealijaponicus examined, and 22, 23, 26 and 27 in the four Japanese O. banksii, whereas the numbers of hooks are 20^24 in the O. banksii from other areas (ca. 25 specimens). The latter are closely related to the Japanese O. banksii in terms of morphometrics, but they have very di¡erent photophores. There is no geographical grouping. The morphometrics of the specimens appear quite homogeneous. Three of the specimens occupy a noteworthy position in relation to the main group: they appear close to axis 2 and group with the three Ancistroteuthis lichtensteini described earlier. Based on morphometric data only, two explanations seem possible: either there is a morphological continuum between Ancistroteuthis and Onychoteuthis, or there is an intermediate group at the intersection of the two genera, which would constitute a distinct species. Other criteria (i.e. gladius and photophores) may support this hypothesis but were not examined in this study.
(v) Genus Onykia Lesueur, 1821 ( ¢gure 5)
The status of this genus, as separate from Moroteuthis, is questionable (Tsuchiya & Okutani 1991) . Some of the species, at least, seem to be the young stages of species the presently placed in the genus Moroteuthis. One species (Onykia rancureli), however, may represent a new genus (Kubodera et al. 1998) . Four specimens of two putative species were examined: O. rancureli Okutani, 1981 and O. indica Okutani, 1981 . They appear to be two di¡erent species. However, it must be noted that the two specimens of O. indica are distant from each other and that they are similar in PCA scores to K. longimana. The paratype and the holotype of O. rancureli are likewise very distant from each other in terms of morphometry.
(b) Molecular study
The outgroup chosen consisted of two species of another oegopsid family, the Enoploteuthidae, which share with the Onychoteuthidae two rows of hooks on the manus of the tentacular club. There are no di¡erences between the two nucleotide sequences of Onychoteuthis sp. B and Onychoteuthis sp. C. The two species have been separated mainly on the basis of paralarval chromatophore patterns. According to molecular results they either belong to the same species, the juveniles of which display polymorphic chromatophore patterns, or the gene portion sequenced is not variable enough to detect nucleotide di¡erences between the two species.
The phylogenetic trees obtained were similar on the basis of both distance and parsimony methods. Figure 6 illustrates the neighbour-joining analysis of the sequences; only bootstrap values higher than 50% are signi¢cant. The Onychoteuthidae appear monophyletic on the basis of the species studied and relative to the outgroup. Onychoteuthis compacta is very close to Onychoteuthis sp. B and Onychoteuthis sp. C, but the fourth Onychoteuthis sp. is not linked to the others with a strong bootstrap value. R. E.Young (personal communication) has indicated that this specimen is similar to O. compacta, but represents a new species of Onychoteuthis which is now being described (Seki 1998). We conclude from our data that this new species is not as closely related to O. compacta, Onychoteuthis sp. B and Onychoteuthis sp. C as these species are to each other.
Monophyly of the genus Moroteuthis including the four species is not supported. However, M. robusta, M. robsoni and M. ingens appear very close to each other: the node for their grouping is supported by a high bootstrap value (over 90%). This result is congruent with the morphometric analysis as also is the distance between M. knipovitchi and these three species.
The specimen of Onykia studied is not closely related to any other species: the sequence is clearly di¡erent from the others, indicating that it could be a valid genus. More specimens, however, need to be sequenced before reaching a conclusion on the matter. Material suitable for molecular analysis is necessary to determine the position of K. longimana.
CONCLUSIONS
There seem to be many morphometric variants of M. ingens that do not appear in the nucleotide variations observed, but, unlike the molecular material, the specimens analysed morphologically came from two di¡erent geographical areas.
Moroteuthis robusta is closely related to M. ingens and M. paci¢ca. M. robusta reaches a very large size and the validity of its speci¢c status should not be questioned because important morphological di¡erences exist between this and the other Moroteuthis species (C. C. Lu, personal communication). The small specimen studied here for morphometric analysis was not an adult and we speculate that the form was thus di¡erent from the adult and that it groups with other members of the genus because of its size. Thus we conclude this is an artefact. The di¡erences between M. robusta and M. ingens mainly concern the skin structure and the number of hooks on the club. Kubodera et al. (1998) found that their specimens of M. robusta were close to M. robsoni; this was not con¢rmed by our morphometric results but is supported by the molecular study. Moroteuthis robusta is close to M. ingens and M. robsoni and, in spite of important morphological di¡er-ences, is closer to these Moroteuthis species than to M. knipovitchi. The M. ingens studied came from the Falkland Islands and the Antarctic area. The specimen of M. knipovitchi was collected near the Antarctic peninsula.
Onychoteuthis compacta is a Hawaiian species supposed to be geographically and morphologically isolated from O. banksii and O. borealijaponicus. This species is included in the complex described in Hawaiian waters (Young & Harman 1987) . Molecular analysis shows very close relationships between three of the Hawaiian species studied, but the fourth species (n.sp.) is more distant. There was no specimen of O. compacta available for morphometric study, although the results obtained with the other species revealed considerable variation between all specimens of Onychoteuthis analysed, even if no cluster could be de¢ned. It would be necessary to obtain sequences from the two best-known Onychoteuthis species (O. banksii and O. borealijaponicus) to evaluate the degree of di¡erentiation between all the species of the genus in relation to the geographical variation.
In conclusion, two congruent clari¢cations about the phylogenetic relationships among onychoteuthids can be reached with the morphological and molecular analyses presented here: M. knipovitchi is distant from the other Moroteuthis species; Onykia (especially O. rancureli) is not closer to Moroteuthis than to Onychoteuthis and its taxonomical independent status seems to be con¢rmed. 
